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ARTICLE INFO ABSTRACT

RNA viruses including many retroviruses encode “late-domain” motifs that can interact with host proteins to
mediate viral assembly and affect viral budding and pathogenicity. For IHNV, our previous studies demonstrated
that the respective interactions of the L domains of IHNV with host proteins could mediate viral assembly and
budding. To our knowledge, the role of L domains of the IHNV in the budding and pathogenicity has not
investigated yet. In this study, we generated two recombinant IHNV strains rIHNV-Mpy ~ a4y and rIHNV-
Gps > a4) With mutations in the L domains (PPPH to AAAA or PSAP to AARA) of IHNV by reverse genetics and
explored the effect of the mutations on budding and pathogenicity of the two recombinant viruses. The RT-qPCR
results showed that the production levels of the extracellular particles of rIHNV-Mpy = a4y Or ITHNV-Gpg = a4y
declined significantly, compared with those of wild-type (wt) IHNV HLJ-09. Furthermore, the challenge test
showed that the survival rates of juvenile rainbow trout challenged with rTHNV-Mpy ~ a4y OF TTHNV-Gpg = a4y
were 90% or 87%, respectively; however, the survivability was zero in groups challenged with wtIHNV HLJ-09
or rTHNV HLJ-09 (recombinant IHNV). Additionally, the RT-qPCR results showed that the recombinant viruses
induced higher expression levels of IFN1, IL-18, and IL-8 compared with those induced by wtIHNV HLJ-09 as
well as the ELISA results showed that fish vaccinated with recombinant viruses produced high levels of specific
IgM antibodies, demonstrating that the two recombinant viruses may induce immune responses to resist in-
fection by IHNV. Also, these results demonstrated for the first time that the L domains of the M and G proteins of
IHNV could affect the budding and pathogenicity of IHNV, which may be beneficial in the prevention and
control of IHNV infections in fish. Taken together, our study as the first research provides the foundation for
effect of rhabdovirus L domains on viral budding and pathogenicity.
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1. Introduction sizeable RNA-dependent RNA polymerase (L) [10-14] and a short gene
located between the G and L genes that encodes a nonstructural protein

Infectious hematopoietic necrosis virus (IHNV) is the causative (NV) [15-18]. The M protein is a multifunctional protein involved not

agent of infectious hematopoietic necrosis (IHN) [1], which is char-
acterized by hemorrhage and necrosis of hematopoietic tissue and other
internal organs. First described in western North America in the early
1950s, IHN is now widespread across the Pacific coast of Canada and
the United States, Europe, Asia, and Iran [2-6]. IHNV is a member of
the Novirhabdovirus genus in the Rhabdoviridae family of viruses [4].
Outbreaks of IHNV infection are well known to cause mass mortality
worldwide in the salmonid fish [5-9]. IHNV has a negative-sense,
single-stranded RNA genome of approximately 11 kilobases (kb), which
encodes six proteins that include nucleoprotein (N), polymerase-asso-
ciated phosphoprotein (P), matrix protein (M), unique glycoprotein (G),

only in viral assembly and budding but also in viral pathogenicity [19].
Moreover, the carboxy terminus of the viral glycoprotein is embedded
in the membrane matrix protein dimer and binds to the glycoprotein
through hydrophobic and electrostatic interactions, which contributes
to the formation of the viral glycoprotein trimer and promotes the as-
sembly and budding of the virus [20,21].

Most of the enveloped viruses have late-budding domains (L-do-
mains) [22], which facilitate viral budding by interacting with usurping
specific host proteins or machinery, most of which are components of
the vacuolar protein sorting (VPS) or endosomal sorting complex re-
quired for transport (ESCRT) pathways during late stages of viral

* Corresponding author. College of Animal Science and Technology, Northeast Agricultural University, Chang Jiang Road No. 600, Xiang Fang District, Harbin,

People's Republic of China. Tel.: 86 045155191385.
E-mail address: liumin-707 @163.com (M. Liu).

https://doi.org/10.1016/j.f51.2019.10.030

Received 31 July 2019; Received in revised form 7 October 2019; Accepted 11 October 2019

Available online 11 October 2019
1050-4648/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/10504648
https://www.elsevier.com/locate/fsi
https://doi.org/10.1016/j.fsi.2019.10.030
https://doi.org/10.1016/j.fsi.2019.10.030
mailto:liumin-707@163.com
https://doi.org/10.1016/j.fsi.2019.10.030
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fsi.2019.10.030&domain=pdf

Y. Chen, et al.

replication [23,24]. There are now three distinct L. domains that have
been identified and associated with budding defects within the retro-
virus family, with core amino acid motifs PT/SAP, PPXY, or YPXL/
LXXLF [25-27]. Two of the best-characterized L-domains core motifs
are PPPY and PT/SAP [28]. The PPPY motif is known to interact with
WW domain-containing ubiquitin ligases, such as Nedd4, and other
members of the HECT family of E3 ubiquitin ligases [29,30]. Ad-
ditionally, the PPPY motif of vesicular stomatitis virus (VSV) is critical
for efficient budding and interactions with host proteins in the context
of VSV infection [30]. The PT/SAP motif is known to directly interact
with tsgl01, a component of ESCRT-I, and is involved in the MVB
sorting pathway in mammalian cells [30,31]. Moreover, previous stu-
dies have shown that mutations in the PSAP region of the matrix pro-
tein of VSV lead to the attenuation of VSV [19]. For IHNV M protein,
the L-domain motif is composed of a PPPH core located at amino acids
14-17 of the M protein. The L-domain motif in the M protein of IHNV
directly interacts with Nedd4. Also, the L-domain motif is composed of
a PSAP core located at amino acids 493-496 of the G protein, which
interacts with Tsg101. The respective interactions of the L domains of
IHNV with host proteins could mediate viral assembly and budding
[32]. However, the ability of the PPPH and PSAP motifs within the
IHNV M and G proteins to function as bona fide L-domains for IHNV
budding and pathogenicity remains to be determined.

In this study, two recombinant IHNV mutants, rIHNV-Mpy = a4y and
rTHNV-Gps - a4, with mutations of the PPPH residues of the M protein
and the PSAP residues of the G protein were generated by reverse ge-
netics to determine whether L-domains are indeed critical for viral
budding. Moreover, we evaluated the immunomodulatory effect of the
two recombinant IHNV mutants on rainbow trout. The results illustrate
the importance of the L-domains in the M and G proteins of IHNV on
viral budding and pathogenicity, providing a better understanding of
IHNV budding and aiding the development of more effective strategies
for the prevention and control of IHNV infections. Additionally, they
may provide beneficial insight into the viral pathogenesis of IHNV.

2. Materials and methods

All applicable international and national guidelines for the care and
use of animals were followed. The animal experiments were approved
by the Institutional Committee of Northeast Agricultural University.

2.1. Cells, plasmids, viruses, and antibodies

Chinook salmon embryo (CHSE-214) cells, Epithelioma papulosum
cyprinid (EPC) cells, and rainbow trout gonad (RTG-2) cells were ob-
tained from the American Type Culture Collection (Manassas, VA, USA)
and grown in L15 (Leibovitz) medium supplemented with 10% fetal
bovine serum (FBS). The full-length genome plasmids pBlueScript II-
IHNV HLJ-09, pCI-N, pCI-P, pCI-NV, pCI-G, pCI-L, pT-F2, and pT-F3
were designed in our laboratory [33]. The wild-type (wt) IHNV HLJ-09
viral strain (accession number JX649101) was isolated at our labora-
tory, and the recombinant IHNV (rIHNV HLJ-09) was generated by
reverse genetics in our laboratory and used in this study [33]. Rabbit
anti-rainbow trout IgM serum antibody and mouse anti-IHNV anti-
bodies were prepared previously in our laboratory as previously
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described [33]. Fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse IgG, horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG antibodies, and horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG antibodies were purchased from Thermo Fisher Scientific
(Waltham, MA) [18].

2.2. Plasmid construction

In this order, HamF1, F2, F3, F4, F5, and HdvF6 were gene frag-
ments sequentially cloned into Nhel/SnaBI, SnaBI/Ndel, Ndel/Spel,
Spel/Mlul, Mlul/Ncol, and Ncol/Kpnl positions on the MCS of the
pBlueScript II SK (+). The correct recombinant plasmid was named
pBlueScript II-IHNV HLJ-09. We mutated proline-proline-proline-histi-
dine (PPPH) to alanine-alanine-alanine-alanine (AAAA) at positions
14-17 of the M protein using PCR to amplify the gene with the primers
IHNV SnaBF*/IHNV Moy > as r and IHNV My s asy /IHNV
Mg > a4) NdeR on the pT-F2, respectively. The purified PCR products
were used for overlapping extension PCR by using the primers IHNV
SnaBF*/THNV My > a4y NdeR (pMD18-T-F2-Mpy = a4)). Additionally,
we mutated proline-serine-alanine-proline (PSAP) to alanine-alanine-
arginine-alanine (AARA) at positions 493-496 of the G protein using
PCR to amplify genes using the primers IHNV Gps = a4y NdeF/IHNV
G(ps > A4) R and IHNV G(ps > A4) F/IHNV SpeR* on the pT-Fg, respec-
tively. The purified PCR products were used for overlapping extension
PCR with the primers IHNV Gps - a4y NdeF/IHNV SpeR* (pMD18-T-F3-
G(ps > A4))- NeXt, pMDl 8-T-F2-M(pH > Ag) O pMDlS'T-Fg-G(pS > A4) Was
purified and inserted into the restriction enzyme cutting sites SnaBI/
Ndel or Ndel/Spel of pBlueScript II-IHNV HLJ-09, respectively. The
correct recombinant plasmids were named pBlueScript II-IHNV-
Mpy > a4y and pBlueScript II-THNV-Gps = a4). The pBlueScript II-IHNV-
Mp > a4y and pBlueScript II-ITHNV-Gps - a4) constructs were digested
with Nhel and Kpnl and subcloned into the pCI plasmid, which was
predigested with the same restriction enzymes. The final constructs
were named pCI-Mpy > a4y and pCI-Geps = a4), respectively. The cloning
strategy is shown in Fig. 1. The primers used are shown in Table 1. The
purified PCR products were sequenced by Comate Bioscience Company
Limited (Jilin, China).

2.3. Recovery of two recombinant viruses

Recovery of recombinant viruses was carried out as previously de-
scribed [33]. Briefly, the pCI-Mpy = a4y (0.5u8) or pCI-Geps > a4y
(0.5pug) plasmid in combination with the pCI-N (0.25pug), pCI-P
(0.25ug), pCI-L (0.1 pg), pCI-NV (0.05 ug), and pCI-G (0.05ug) plas-
mids were cotransfected into CHSE-214 cells using Lipofectamine LTX
& Plus Reagent (Invitrogen, Life Technologies, Carlsbad, CA, USA) at
22°C. The transfected cells were washed and maintained in L15
medium containing 10% FBS at 15 °C for 5-7 days. The cell monolayer
was observed for the development of virus-induced cytopathic effect
(CPE), and then the supernatant was harvested and clarified for further
processing of the recombinant viruses.

Fig. 1. Construction strategy of recombinant
viruses. Coding regions (ORFs) of M, in which the
nucleotides encoding *PPPH!” were mutated into
1AAAA' from the M of pT-F2, were amplified using
fusion PCR. Coding regions (ORFs) of G, in which the
nucleotides encoding **>PSAP*°® were mutated into
49SAARA® from the G of pT-F3, were amplified
using fusion PCR.
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Table 1
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Summary of sequences used in this study. Italics and bold portion indicate enzyme sites for genetic tags. Asterisks show that the nucleotides were silent mutations.
Underlined portion indicates point mutant sites. All primers used in this study were designed using Primer Premier 5.0.

Primer names

Primer sequences (5-3')

Targets (ID)

Primers for the construction of plasmids for recombinant viruses and identification of recombinant viruses by genetic tags

IHNV SnaBF* CTAAAATACGTAGAGGAGGAG JX649101
THNV My > a4) R GGCAGCAGCAGCGATCAGAACTGTTCTCTTTGCTCTCTTGAAAATGGACAT JX649101
IHNV My > a4y £ ATGTCCATTTTCAAGAGAGCAAAGAGAACAGTTCTGATCGCTGCTGCTGCC JX649101
THNV Mpp > a4y NdeR TGTGGTGTCATATGCCCCTGC JX649101
THNV Gps - a4) NdeF GCAGGGGCATATGACACCACA JX649101
IHNV Geps > a4) R GGACCTGTTTGCCAGGTGATACATGGGGATACTCTGAGCCCGAGCAGC JX649101
IHNV Gps = a4y ¢ GCTGCTCGGGCTCAGAGTATCCCCATGTATCACCTGGCAAACAGGTCC JX649101
THNV SpeR* TGCATGGAGACTAGTGGAGTCGTTG JX649101
ITHNV P KpnF GGTACCGCCACCATGTCAGATGGAGA JX649101
IHNV P NotR rIHN SpeF GCGGCCGCCTATTGACCCTGCTTCA T JX649101
rIHN SpeR CGAGTATTGTACATGGACCTCAGCA JX649101
GGACTACCCCCTCCACGAACTCT JX649101
Primers used in the quantitative real-time PCR
qIFN1-F GCGAAACAAACTGCTATTTACAATGTATA IFN1
gIFN1-R TCACAGCAATGACACACACGCTC (AJ580911.2)
qIL-8-F ACCATTACTGAGGGGATGAGTCTGA 1L-8
qIL-8-R CATCTCCACCTTCTTAATGAGCCTA (DQ778949)
qIL-1BF GGAGAGGTTAAAGGGTGGCGA IL-1B
qIL-1BR TGCCGACTCCAACTCCAACA (AJ278242.2)
qTNF-aF AGCATGGAAGACCGTCAACGAT TNF-a
qTNF-aR ACCCTCTAAATGGATGGCTGCTT (NM001124357.1)
gEF-1a-F CAAGGATATCCGTCGTGGCA EF-la
qEF-1a-R ACAGCGAAACGACCAAGAGG (AF498320)
Primers for identification of IHNV by real-time PCR
IHNV-F AGAGTTCGTGGAGGGGGTAGTC JX649101
IHNV-R GGCAAGGAAGTCCGCATACG JX649101

2.4. Identification of recombinant viruses

2.4.1. Reverse transcription PCR (RT-PCR) and
recombinant viruses using genetic tags

The viral genomic RNA was extracted from the fifth cell culture
passage of the recombinant viruses and wtIHNV HLJ-09 and was used
to confirm the sequence of the mutated regions of the L domain by PCR
using THNV SnaBF*/IHNV Mpy - a4y NdeR or IHNV Gps = a4y NdeF/
IHNV SpeR*. The purified PCR products were sequenced by Comate
Bioscience Company Limited. We confirmed the presence of genetic
tags artificially introduced by RT-PCR. Fragment A of wtIHNV HLJ-09,
rTHNV-Mpy > a4y and rTHNV-Gps = a4) was amplified by PCR using the
primers IHNV P KpnF and IHNV P NotR and digested by endonuclease
SnaBI. Fragment B of the viruses was amplified by PCR using the pri-
mers rIHN SpeF and rIHN SpeR (Table 1). The PCR products were
purified and digested with endonuclease Spel. The RT-PCR products
were also sequenced to confirm the introduction of the SnaBI and Spel
restriction sites [33-35].

identification of

2.4.2. Indirect immunofluorescence assay

CHSE-214 cells infected with rITHNV-Mpy = a4y Or rTHNV-Gps = a4y
in 24-well plates were cultured for 60 hat 15 °C. Uninfected cells and
cells infected with wtIHNV HLJ-09 were used as negative and positive
controls, respectively. IFA was performed as described previously, and
the immunoblots were developed using mouse anti-IHNV as the pri-
mary antibody and followed by incubation with fluorescein iso-
thiocyanate (FITC)-conjugated goat anti-mouse IgG [34].

2.4.3. Identification of recombinant viruses using transmission electron
microscopy (TEM)

After 60 h of inoculation with the appropriate rIHNV-Mpy ~ a4y OF
rTHNV-Gps - a4y constructs, the CHSE-214 cells were scraped off, fixed
with 2% glutaraldehyde at 4 °C for 2h, washed with PBS, fixed, dehy-
drated, embedded, and polymerized. The embedded samples were
sectioned using an ultramicrotome. Then, the sections were stained
with uranyl acetate and lead citrate and the morphology of the virus
particles was observed by TEM [35].

2.5. Determination of recombinant IHNV growth curves and cell tropism

The titers of rTHNV-Mpy > a4), TIHNV-Gps = a4y, 'THNV HLJ-09 and
wtIHNV HLJ-09 improved with increasing serial passages in CHSE-
214 cells. CHSE-214 cells in 96-well plates were incubated with 100 pl
of viral samples at 15 °C for five days. The cytopathic effect (CPE) was
observed, and the viral titers (TCIDso/mL) were calculated by the Reed-
Muench method [18,36]. The cells were infected with rIHNV-
M(PH > A4)s I'IHNV-G(FS > A4)s rIHNV HLJ-09 or wtIHNV HLJ-09 at 100
TCIDs, and the supernatants were sampled at 12, 24, 36, 48, 60, 72,
84, and 96 h. The titers (TCIDso/mL) of these samples were calculated
according to the above methods, and the corresponding growth curves
were generated [18]. To evaluate the cell tropisms of rIHNV-Mpy = a4)
and rTHNV-Gps > a4y, EPC, CHSE-214, and RTG-2 cell monolayers were
infected with 100 TCIDs, of wtIHNV HLJ-09, rIHNV HLJ-09 or the two
recombinant IHNV strains. The cells were cultured at 16 °C for 72 h and
viral titers (logl0 TCIDso/mL) were calculated by the Reed-Muench
method [36,37].

2.6. Determination of the levels of IHNV GE of recombinant viruses

Cells cultured in 6-well plates were infected with rTHNV-Mpy > a4),
ITHNV-Gps ~ a4), TTHNV HLJ-09 or wtIHNV HLJ-09 at 100 TCIDs(, and
the supernatants and CHSE-214 cells were sampled at 72 h. Then, 250 ul
of the samples was used for the extraction of total RNA by using an RNA
extraction kit (Fastagen, China). The RNA concentration was measured
by absorbance of the RNA sample, and the ratio of 0D260/0D280 was
between 1.9 and 2.1. Additionally, the RNA quality was analyzed based
on the intensity of the band using agarose gel electrophoresis. Then,
complementary DNA (cDNA) was generated via reverse transcription,
which was used for absolute real-time qPCR (primer sequences in
Table 1, accession number JX649101). Levels of IHNV GE were de-
termined using Light Cycler 480 (Roche, CH). qPCR was carried out in
triplicate per sample [32].
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2.7. Pathogenicity of recombinant viruses

2.7.1. Pathogenicity test and protective efficacy of recombinant viruses

To assess the pathogenicity of the recombinant viruses, the viruses
were used to infect healthy juvenile rainbow trout. The juvenile
rainbow trout (mean weight ~ 2 g) were randomly allocated into five
groups, with each group comprising 30 fish. The fish were injected with
50ul (1 X 10° TCIDso/ml) of rIHNV-Mepy > a4y TTHNV-Geps = a4,
rTHNV HLJ-09 or wtIHNV HLJ-09 by intraperitoneal injection. Control
fish were injected with the same volume of PBS. After immunization,
juvenile rainbow trout were reared at 15 °C. Deaths were observed for
20 consecutive days. To further evaluate the protective efficacy of the
recombinant viruses, juvenile rainbow trout were intraperitoneally in-
jected with 50 ul (1 X 10° TCIDso/mL) of ITHNV-Mpy; = a4y Or rIHNV-
Geps > a4) and observed for 20 consecutive days. Then, the vaccinated
rTHNV-Mpy > a4y, TIHNV-Geps = a4y and control groups (injected with
the same volume of PBS) were divided into three groups and challenged
with 50ul (1 X 10° TCIDso/ml) of wtIHNV HLJ-09. Finally, the cu-
mulative mortality was calculated, and it was obtained after 20 days
[18]. The data were analyzed using the GraphPad Prism v 5.0 software.

2.7.2. Measurement of the recombinant viruses in vivo growth

The active replication of recombinant viruses in rainbow trout was
detected using a SYBR Green-based quantitative real-time RT-PCR (RT-
qPCR) assay. In brief, rainbow trout of mean weight 6 g were randomly
assorted into 5 groups of ten fish each, which were injected with 200 pl
(].05 TCIDSO/mL) of rIHNV'M(pH > A4)s rIHNV-G(pS > A4)s rITHNV HLJ-09,
wtIHNV HLJ-09, or cell culture medium (L15) as a mock-infection ne-
gative control. After 72 h, viral genome copy numbers in fish liver and
kidney samples were quantified by RT-qPCR using the IHNV F and
IHNV R primers (primer sequences in Table 1, accession number
JX649101). To calculate viral genome copy numbers, the plasmid
pBlueScript II SK-F543216 containing the full-length ¢cDNA of IHNV
was used as a standard to establish the standard curve for the RT-qPCR
assay [37]. The standard curve formula was Y = —2.869X+ 36.296,
R” = 0.988.

2.8. Host gene expression

To observe whether the transcriptional level of immune-related
genes changed after inoculation with rIHNV-Mpy = a4y or rIHNV-
Gps > a4) in rainbow trout, the fish (mean weight = 6 g) were randomly
divided into 5 groups, with each group comprising 20 fish. The fish
were intraperitoneally injected with 200 ul (10° TCIDso/mL) of rIHNV-
M(PH > A4)s I'IHNV-G(pS>A4), rIHNV HLJ-09 or wtIHNV HLJ-09. The
control group was challenged with the same dose of cell culture
medium. Fish were reared at 15 °C with a closed-circuit water system.
The spleen tissues were sampled after infection for 24 h and 48 h, and
1 ml of sterile PBS was added to homogenize the mixture. A total of
250 pl of the samples was used for the extraction of total RNA by using
an RNA extraction kit (Fastagen, China). Total RNA was reverse tran-
scribed into cDNA, which was used as a fluorescent quantitative PCR
template. The expression of IFN1, IL-8, IL-1f, TNF-a, and the reference
gene EF-1a in tissues was detected by real-time fluorescence quantita-
tive PCR. The primer sequences used in the fluorescent quantitative
PCR are shown in Table 1, and the relative mRNA levels of IFN1, IL-8,
IL-1B, and TNF-a were calculated according to the 2~ *4* method. We
performed real-time PCR in triplicate [38].

2.9. Determination of the specific antibody IgM in the serum of rainbow
trout

The rainbow trout (mean weight = 10g) were intraperitoneally
injected with 200 l_ll of rIHNV-M(pH > A4)s rIHNV-G(pS > A4)> rIHNV HLJ-
09 or wtIHNV HLJ-09 (1 X 10° TCIDse/ml). Blood samples from these
rainbow trout were collected after inoculation of 14, 28, 42, and 56
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days. Blood samples from rainbow trout injected with the same volume
of PBS were used as a control. The specific antibody IgM in the serum of
rainbow trout was detected using indirect ELISA [34]. Briefly, 100 pl of
wtIHNV HLJ-09 was coated in each well of a 96-well ELISA plate
overnight at 4 °C, followed by serial two-fold dilutions of pooled sera
from each group of rainbow trout. Samples were then incubated with
rabbit anti-rainbow trout IgM serum antibody (1:1000). Next, 100 pul of
HRP-labeled goat anti-rabbit IgG (1:2000) was added. Finally, a t-test
was conducted to test whether there was a significant difference in the
antibody IgM levels between these groups [18].

2.10. Statistical analysis

All experiments were performed at least three times with re-
producible results. Student's t-test was used to determine statistical
significance. P-values less than 0.05 were considered statistically sig-
nificant, and those less than 0.01 were considered highly significant.

3. Results
3.1. Identification of the two recombinant viruses

After transfection with pCI-Mpy > a4y OF PCI-Geps > a4y, 80% of
CHSE-214 cells displayed CPE by 7 days at 15 °C, whereas the control
cells did not. To confirm that the recombinant viruses were derived
from rTHNV-Mpy > a4y of TTHNV-Gps - a4y, Sequencing chromatographs
of the mutated regions of the L domains in the recombinant IHNV and
the same region in wtTHNV HLJ-09 were compared as shown in Fig. 2A
and B. The results showed that the L. domains of the two recombinant
viruses were mutated successfully. Fragment A (690 bp) and fragment B
(740 bp) of rIHNV-M(pH > A4)s rIHNV-G(pS > A4) OF wtIHNV HLJ-09 were
amplified by RT-PCR. For fragment A, the digested product sizes of the
rescued viruses were approximately 220 bp and 470 bp, whereas the
corresponding fragment of wtIHNV HLJ-09 could not be digested by
SnaBI (Fig. 2C). Additionally, for fragment B, the digested product sizes
of rescued viruses were approximately 290 bp and 450 bp, whereas the
corresponding fragment of wtIHNV HLJ-09 could not be digested by
Spel (Fig. 2D). These results show that the recombinant viruses are
indeed derived from the transfected eukaryotic expression plasmid.
Moreover, to determine whether the recombinant viruses were rescued
successfully, CHSE-214 cells infected with rTHNV-Mpy > a4), TTHNV-
Gps > a4y or WtIHNV HLJ-09 in 24-well plates were cultured for 60 h at
15 °C for immunofluorescence assay (Fig. 3). The results showed that
specific green signals were observed in the rIHNV-Mpy = a4), ITTHNV-
Gps > a4y and wtIHNV HLJ-09-infected CHSE-214 cells, but no specific
green signal was detected in the mock-infected control cells. Then,
CHSE-214 cells infected with rTHNV-Mpy = a4), TTHNV-Gps = a4y, and
wtIHNV HLJ-09 showed typical bullet-shaped virions that were
~80 nm in diameter and up to 160 nm in length, which was similar to
those of other Rhabdoviridae viruses (Fig. 3F and G).

3.2. Growth curves and cell tropisms of the recombinant viruses

To determine the growth curves of the recombinant viruses in
CHSE-214 cells, the viral titers were determined at 12 h intervals post-
infection. The results showed that the two recombinant viruses had
similar copy features with wtIHNV HLJ-09. Their logarithmic phase
occurred at 24-60 h post-infection, and the platform stage occurred at
72h post-infection. The viral titers of rIHNV-Mpy = a4y and rTHNV-
Gps > a4) Were 10° TCIDso/ml, which were lower than those of rTHNV
HLJ-09 and wtIHNV HLJ-09, indicating that the mutations of the L-
domains can affect the replication ability of the virus to some extent
(Fig. 4A). Moreover, we found that the cell tropisms of the two re-
combinant viruses were comparable to those of wtIHNV HLJ-09, as
determined by comparing viral titers in CHSE-214, EPC, and RTG-
2 cells at 72h post-infection (Fig. 4B). Additionally, the viral titers of
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Fig. 2. Analysis of sequence and genetic tags for recombinant viruses. In A, the sequencing chromatographs of the mutation regions of L domain in rIHNV-
Mepn = a4) and the same region in wtIHNV HLJ-09 was shown by red text box at 2294-2304 bp in the full-length IHNV. The same and mutation of the sequencing
region of rIHNV-Gps - a4y and wtIHNV HLJ-09 was shown in B. In C (left), genomic RNA isolated from the wtIHNV HLJ-09 and the recombinant viruses were
amplified by RT-PCR with two specific primers covering the regions, rTHNV-Mpy > a4y (Line 2), rIHNV-Gps > a4y (Line 3) and wtIHNV HL-09 (Line 4), negative
control (Line 5). In C (right), digestion analyses of SnaBI were performed in rTHNV-Mpy - a4y (Line 2), rTHNV-Gps - a4y (Line 3), wtIHNV HLJ-09 (Line 4), and
analyzed on a 1% agarose gel. In D, line 2, 3 and 4 were fragment B amplified from rIHNV-Mpy > a4), 'TTHNV-Gps = a4y and wtIHNV HLJ-09, respectively (left) and
their corresponding products were digested by Spel (right). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

the two recombinant viruses were significantly higher in the EPC and
CHSE-214 cells compared with the RTG-2 cells.

3.3. Determination of the levels of IHNV GE of the recombinant viruses

To determine the production levels of the extracellular IHNV par-
ticles and the production of the corresponding intracellular IHNV GEs,
CHSE-214 cells were infected with rTHNV-Mpy > a4y, ITTHNV-Gpg = a4,
rTHNV HLJ-09 or wtIHNV HLJ-09 in 6-well plates. After 72 h, the levels
of IHNV GE were determined by RT-qPCR. The results showed that the
production levels of the extracellular IHNV particles from cells infected
with rTHNV-Mpy > a4y or TIHNV-Geps - a4) declined significantly com-
pared with those in cells infected with rTHNV HLJ-09 and wtIHNV HLJ-
09, although the production of the corresponding intracellular IHNV
GEs was not affected (Fig. 5).

3.4. Pathogenicity of the recombinant viruses

Juvenile rainbow trout were infected with rIHNV-Mpy = a4), TTHNV-
Gps > a4), ITHNV HLJ-09, or wtIHNV HLJ-09, and then deaths were
recorded for 20 consecutive days. The fish that were infected with
wtIHNV HLJ-09 or rIHNV HLJ-09 began to die by day 4, and the peak of
mortality was between days 6-8. By day 20, none of the fish infected
with these viruses had survived, and all of them showed clinical
symptoms associated with infection. However, the survival rates of fish
infected with recombinant viruses rIHNV-Mpy > a4y OF TIHNV-Gps = a4)
were 90% or 87%, respectively. This suggests that the recombinant
viruses were highly attenuated (Fig. 6A). As shown in Fig. 6B, the
survival rates of fish infected with the two recombinant viruses against
wtIHNV HLJ-09 virus challenge were 80% and 75%, respectively. The
survival rate of juvenile rainbow trout was much improved, demon-
strating substantial immunoprotection conferred by rIHNV-Mpy = a4)
and rTHNV-Ggps - a4 challenge. Moreover, we determined the genome
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copy numbers of recombinant viruses in the livers and kidneys of fish
using RT-qPCR and found that in the fish infected with the recombinant
viruses, the viral genome copy numbers in the liver (Fig. 6C) and kidney
(Fig. 6D) were lower than those of fish infected with wtIHNV HLJ-09
and rIHNV HLJ-09, which was consistent with our earlier observations.
These results suggested that the pathogenicity of the two recombinants
in CHSE-214 cells was significantly lower than that of the wtIHNV HLJ-
09.

3.5. The expression of cytokines in rainbow trout infected with the
recombinant viruses

The spleen tissues of rainbow trout intraperitoneally infected with
the recombinant viruses rIHNV-Mepy > a4y, ITHNV-Gps = a4y, TTHNV
HLJ-09 or wtIHNV HLJ-09 were sampled to detect the expression of
IFN1, IL-8, IL-1B, and T NF-a cytokines at 24 h and 48 h pi. The results
showed that the expression levels of IFN1, IL-8 and IL-1f in the rTHNV-
My > a4y and rTHNV-Gps = a4y groups increased relative to those in the
rTHNV HLJ-09 and wtIHNV HLJ-09 groups (P < 0.05); however, there
was no difference in the expression levels of TNF-a. The above experi-
mental results show that the recombinant viruses rIHNV-Mpy; = a4y and
rTHNV-Gps - a4y can induce the expression of interferon IFNI, proin-
flammatory cytokine IL-1f3 and chemokine IL-8 (Fig. 7).

3.6. Identification of specific IgM antibodies in the serum of rainbow trout

To further determine the protective efficacy of the recombinant
viruses against IHNV, the serum of rainbow trout was collected at 14,
28, 42, and 56 days post-infection after inoculation with the re-
combinant viruses. The antibody IgM levels were enhanced for a spe-
cific time in the groups rIHNV-Mpy > a4y, TTHNV-Gps = a4), TTHNV HLJ-
09 and wtIHNV HLJ-09 but no increase was observed in antibody IgM
levels in the control group after the challenge (P < 0.01), and there
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Fig. 3. Detection of the recombinant viruses
by indirect immunofluorescence assay and
transmission electron microscopy (TEM).
After the CHSE-214 cells infected with rTHNV-
Mpt > a4y, TTHNV-Geps » a4) 0r WHTHNV HLJ-09,
mouse-anti-IHNV serum and fluorescein iso-
thiocyanate (FITC)-conjugated goat anti-mouse
immunoglobulin G (IgG) were respectively used
as primary and secondary antibodies. The cells
were observed under a microscope. (A) CHSE-
cells infected with rTHNV-Mpy = a4y. (B) CHSE-
214 cells infected with rIHNV-Geps > a4). (C)
CHSE-214 cells infected with wtIHNV HLJ-09.
(D) Normal CHSE-214 cells control. (E) Negative
serum control. After inoculation with the re-
combinant viruses, the CHSE-214cells were
scraped off for TEM. The virions of rIHNV-
Mph > a4y Were showed in F (scale bar 500 nm).
The virions of rIHNV-Gps > a4) Were showed in
G (scale bar 500 nm). Arrows indicated virions.

was no significant difference between the recombinant viruses (Fig. 8).

4. Discussion

Viral L domains are required for the efficient budding of many RNA-
containing viruses [30]. The L domains include three motifs, PPXY, PT/
SAP, or YxxL, which mediate interactions with host proteins to promote
virus-cell separation [25,30]. This is consistent with our previous re-
search showing that the ESCRT components in the host cells of fish that

A

101
-~ —— wt[HNV HLJ-09
i 8 —— 1IHNV HLJ-09
em — rIH\]V_M(PH>A4)
8 6 —— rIH:NV_G(PS>A4)
o0
b=
g 7
>

>

RO S S P, AR N
Hours post infection

interact with the PPPH, PSAP or LXXLF motifs of IHNV proteins and this
interaction recruits the ESCRT pathway to mediate viral budding
[30,32]. Previous studies have shown that the PPPY-type L domain of
the M protein of VSV (Rhabdoviridae family of viruses) plays a role in
viral assembly and budding, host protein shut-off, and pathogenicity
[19]. Additionally, the mutagenesis of the PSAP motif of VSV possesses
a highly attenuated phenotype in mice, which showed that the viral
PSAP motif affects viral pathogenicity [39]. Thus, to determine whether
the L domains in the M and G proteins of IHNV have the role of
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Fig. 4. Viral growth curves in CHSE-214 cells (A) and cell tropisms of wtIHNV HLJ-09, rIHNV HLJ-09 and recombinant viruses (B). (A) Cells were infected
with rTHNV-Mpy > a4), TTHNV-Gps = a4y, TTHNV HLJ-09 or wtIHNV HLJ-09. The supernatants were harvested at 12 h intervals post-infection and titers were de-
termined in CHSE-214 cells using the Reed-Muench method. (B) The recombinant viruses, rIHNV HLJ-09 or wtIHNV HLJ-09 were used to inoculate CHSE-214, EPC
and RTG-2 cells. At 72 h post-infection the viral titers were determined (*p <0.05=.
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Fig. 5. Production of recombinant viruses. The CHSE-214 cells infected with rTHNV-Mpy > a4), TTHNV-G(ps = a4), 'THNV HLJ-09 or wtIHNV HLJ-09 for 72 h. In left,
the cells were lysed to extract DNA for RT-qPCR using IHNV primers to quantify IHNV genomic concentration. In right, the supernatant of the cells was lysed to
extract DNA, which were subjected to RT-qPCR using IHNV primers to quantify IHNV genomic concentration. Statistical analysis was performed using Student's t-test

(».%»,%»,%p <0.001=.

affecting the budding and possessing attenuated phenotype of the virus,
we generated rTHNV-Mpy = a4y and rTHNV-Gps > a4y in this study.

In this study, rIHNV-Mpy = a4y and rTHNV-Gps - a4y Were generated
by reverse genetics and confirmed with RT-PCR, genetic tags, indirect
IFA, and TEM analysis. Then, we found that the production levels of
extracellular IHNV particles in cells infected with rITHNV-Mpy = a4y OF
ITHNV-Gps - a4y declined significantly compared with those in cells
infected with wtIHNV HLJ-09. The results demonstrated that the re-
combinant viruses reduced viral budding. A previous study showed that
a series of recombinant RABVs, including mutations within the PPEY
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motif of the M protein, were generated by reverse genetics and their
effects on viral replication and RABV pathogenicity were analyzed
[28,40]. The authors suggested that the PPEY motif played a role in
RABYV release [40], which was consistent with our research. Also, RABV
and IHNV belong to the Rhabdoviridae family of viruses. Therefore,
these results illustrated that the L domains of Rhabdoviridae viruses
could have a role in budding. Moreover, previous research showed that
the double mutant in VSV is always much more affected than single
mutant of VSV in whatever the cell lines were used, the yield of the
infectious particle was systematically decreased by a factor of 5-10
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Fig. 6. Pathogenicity of recombinant viruses. (A) Survival rates of rainbow trout intraperitoneally injected with 50 ul (1 x 10° TCIDs,/ml) of recombinant viruses
and wtIHNV HLJ-09 were observed for 20 consecutive days. (B) Twenty-day cumulative mortality of fish vaccinated with rTHNV-Mpg = a4y Or rIHNV-Gps = a4) prior
to challenge with wtIHNV HLJ-09. The number of survivors was recorded daily and data were analyzed using the GraphPad Prism v 5.0 software. The geometric
mean of IHN viral load in liver (C) and kidney (D) measures at 72 h post-infection using RT-qPCR. The rainbow trout were infected with 200 pL (1 x 10° TCIDso/mL)
of recombinant viruses, wtIHNV HLJ-09 and cell culture medium (L15) as the negative control. Single asterisks indicate significant decreases in viral load in two
tissues of recombinant viruses at 72 h post-infection relative to wtIHNV HLJ-09 (*p < 0.05).
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Fig. 7. Analysis of IFN1, IL-8, IL-1f, and TNF-a gene expression in rainbow trout using RT-qPCR. Fish were inoculated with rTHNV-Mpy; = a4y, [THNV-Gps = a4),
rTHNV HLJ-09, wtIHNV HLJ-09 or volume-matched virus-free cell culture medium, and relative expression of IFN1, IL-8, IL-1f3, and TNF-a gene in the spleen tissues

were analyzed at 24 h (A) and 48 h pi (B) (*p <0.05).
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Fig. 8. Specific IgM antibody titers in vaccinated rainbow trout sera
against the IHNV. After inoculation with the recombinant viruses and wtIHNV
HLJ-09, the serum of rainbow trout was collected, and the levels of the specific
IgM antibodies in the serum were measured by indirect ELISA. Data were
analyzed using the GraphPad Prism v5.0 software. Asterisks indicate significant
differences among the groups, as calculated by t tests analysis (**p < 0.01).

[41]. However, the idea that the double mutant of PPPH and PSAP in
IHNV may affect much more strongly the budding of viruses than the
single mutant remains to be determined. Additionally, we evaluated the
pathogenicity of rIHNV-Mpy > a4y and rTHNV-Gps ~ a4y. The survival
rates of juvenile rainbow trout infected with rTHNV-Mepy ~ a4y and
ITHNV-Gps - a4y were 90% and 87%, respectively. This result suggested
that the recombinant viruses were highly attenuated, which was con-
sistent with previous research showing that the mutant PSAP motif of
VSV possesses a highly attenuated phenotype in mice [39]. Meanwhile,
the survival rates of the rTHNV-Mpy > a4) and rTHNV-Gps - a4) against
wtIHNV HLJ-09 virus challenge were 80% and 75%, respectively. This
showed that the two recombinant viruses have higher protective effects
on rainbow trout. Also, the RT-qPCR analysis showed that the viral
genome copy numbers in the liver and kidney of the fish infected with
the recombinant viruses were lower than those in the liver and kidney
of fish infected with wtIHNV HLJ-09 and rIHNV HLJ-09. These results
suggested that the PPPH and PSAP motifs directly affected IHNV bud-
ding but indirectly affected viral replication and pathogenicity. Taken

together, these findings strongly suggest that the PPPH and PSAP motifs
possess L-domain activity in the context of IHNV infection and may be
necessary for the pathogenic potential of the virus in an animal model.

We also studied the effect on the transcription of hallmark genes
involved in the early immune response to rIHNV-My = a4) or rTHNV-
Geps > a4)- The RT-qPCR results showed that rTHNV-Mepy - a4y and
rTHNV-Gps - a4) could induce the expression of IFN1, IL-18, and IL-8 in
the host, demonstrating that the two recombinant viruses could cause
an adaptive immune response in the host and trigger the body's anti-
viral defenses [42]. Moreover, fish vaccinated with the recombinant
viruses produced high levels of specific IgM antibodies, illustrating that
the two recombinant viruses may induce immune responses in rainbow
trout and resist infection by IHNV. These results indicated that the L
domains were essential for both the efficient immune response and
pathogenicity of IHNV.

In conclusion, we rescued the two recombinant viruses rIHNV-
My > a4y and rTHNV-Geps - a4), While confirming the role of the L
domains of the M and G proteins in IHNV budding and pathogenicity,
which may provide beneficial insight into the viral pathogenesis of
IHNV. Additionally, these results suggest that the attenuated vaccines
have the potential application of being utilized as a viral vaccine. Also,
these findings may be beneficial in the prevention and control of IHNV
infections in fish.
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